We present 2500 years of reconstructed bottom-water temperatures (BWT) by using a fjord sediment archive from the NE Atlantic region. The BWT represent winter conditions due to the fjord hydrography and associated timing and frequency of bottom-water renewals. The study is based on a ca. 8-m long sediment core from Gullmar Fjord (Sweden), dated by 210 Pb and AMS 14 C and analysed for stable oxygen isotopes (d 18 O) measured on shallow infaunal benthic foraminiferal species Cassidulina laevigata. The BWT, calculated by using the palaeotemperature equation of McCorkle et 5 al (1997), range between 2.7 -7.8°C and are within the annual temperature variability, instrumentally recorded in the deep fjord basin since the 1890s. The record demonstrates a warming during the Roman Warm Period (~350 BCE -450 CE), variable BWT during the Dark Ages (~450 -850 CE), positive BWT anomalies during the Viking Age/Medieval Climate Anomaly (~850 -1350 CE) and a long-term cooling with distinct multidecadal variability during the Little Ice Age (~1350 -1850 CE). The fjord BWT record also picks up the contemporary warming of the 20 th century (presented here until 1996), 10 which does not stand out in the 2500-year perspective and is of the same magnitude as the Roman Warm Period and the Medieval Climate Anomaly.
probability with 1-s error margin (Table 2) . Two dates at 98 cm and 313 cm showed minor age reversals and were omitted from the final age model ( Table 2 ). The core GA113-2Aa was dated by using 210 Pb and a constant rate of supply (CRS) model (Appleby and Oldfield, 1978) , which suggested that the core material was deposited between ca. 1915 and 1999 (Fig. 3A) . For details regarding GA113-2Aa age model see Filipsson and Nordberg (2004a) . 15
Together the cores GA113-2Aa & 9004 proved to be a continuous sediment record with no gap in between based on correlation of the stable carbon isotopes (d 13 C) and benthic foraminiferal species C. laevigata, Adercotryma glomerata (Brady, 1878) and Hyalinea balthica (Schröter in Gmelin, 1791) with respective data from the core G113-091 ( Fig. 3B herein ; Polovodova Asteman et al., 2013; Polovodova Asteman and Nordberg. 2013 Fig. 3A) , and includes the late Holocene climate events 20 such as the Roman Warm Period (RWP: ~350 BCE -450 CE), the Dark Ages Cold Period (DA: ~450 -850 CE), the Viking Age/Medieval Climate Anomaly (VA/MCA: ~850 -1350 CE), the Little Ice Age (LIA: ~1350 -1850 CE) and the contemporary warming from 1850 CE to present (Lamb, 1995; Filipsson and Nordberg, 2010; Harland et al., 2013; Polovodova Asteman et al., 2013; Helama et al., 2017) . We add the Viking Age to the Medieval Climate Anomaly following the approach of Filipsson and Nordberg (2010) , based on historical evidence that warming in Northern Europe began earlier 25 than 1000 CE, which allowed Vikings to reach the NE coast of England and loot the monastery of Lindisfarne in 793 CE (Morris, 1985) . For further details on chronology of the cores GA113-2Aa and 9004 see Filipsson and Nordberg (2004a) , Polovodova et al., 2011; and Polovodova Asteman et al. (2013) .
Combining the long gravity core with the 60 cm long Gemini core, which includes the sediment-bottom water interface and, hence, the intact core top, resulted in a high-resolution temporal record of almost 1-year cm -1 sample for the upper part 30 of the record and <10 years cm -1 sample for the deepest part of the record. Calculations from the 210 Pb analyses and the AMS-14 C dates suggest sediment accumulation rates of ~9 mm year -1 in the most recent sediments and approximately ~2.8 mm year -1 in the compacted deepest part of the gravity core (Fig. 2) . Hence, due to high accumulation rates the upper 60 cm of the record can be directly compared to instrumental hydrographic -and meteorological data (Figs 6, 7) .
Stable oxygen isotopes
We measured d 18 O on tests of shallow infaunal foraminifer Cassidulina laevigata from the core top samples and from the ca. 8-m long G113-2Aa -9004 record (Fig.1B) . Between 12 and 20 specimens of Cassidulina laevigata were picked from each 5 sample for the analysis. In total 6 and 425 samples were analysed for stable oxygen isotopic composition for the surface sediments and composite G113-2Aa -9004 record, respectively. All samples were measured at the Department of Geosciences, University of Bremen, Germany, using a Finnigan Mat 251 mass spectrometer equipped with an automatic carbonate preparation device. Isotope composition is given in the usual δ-notation and is calibrated to Vienna Pee Dee Belemnite (V-PDB) standard. The analytical standard deviation is <0.07‰ for δ 18 O based on the long-term standard 10 deviation of an internal standard (Solnhofen limestone).
The temperature was reconstructed using the salinity: d 18 Ow relationship established by Fröhlich et al. (1988) (eq. 1), which is representative for this region (Filipsson, unpubl. data (2) Here, d 18 Oc stands for stable oxygen isotopic ratio 18 O/ 16 O measured in calcite tests of C. laevigata, while d 18 Ow is the isotopic composition of water calculated from equation 1 and converted from SMOW to V-PDB by subtracting 0.27‰ (Bemis et al., 1998) Finally, to convert reconstructed temperatures to degrees Celsius, equation 3 was used: 25 -273.15 (3)
T°C=T°K
Since 1990 C. laevigata has become a rare species in the Gullmar Fjord deep basin ( Fig. 6 ), which resulted in short gap in the most recent part of the record (see discussion). Similar gaps in d 18 O and, hence, bottom water temperature data are also seen for the earlier part of the record and are due to absence or very low abundances of C. laevigata (Fig. 6 ). below) were used to estimate the reliability of our temperature reconstruction ( Fig. 4B ). Cassidulina laevigata has been previously suggested to calcify 0.19‰ lower than equilibrium (Poole et al., 1994) . Our d 18 Oc data from the core tops demonstrate an offset, ranging between 0.01‰ and 0.27‰ (mean 0.15‰), compared with d 18 Oc predicted using the palaeotemperature equation from McCorkle et al (1997) (Fig. 4B ). Applying the mean correction of +0.15‰ to the Gullmar d 18 Oc record results in bottom water temperatures ~0.5-1°C higher than those recorded by instrumental observations in the 25 fjord ( Fig. 2A ), while uncorrected d 18 Oc values produce temperatures close to observations. Taking the latter into the account and because, based on available data, it is difficult to estimate how large the correction should be, we further report the uncorrected d 18 Oc values both for the core tops and for the sediment cores. Instead, we use a median value (0.7°C) of the range in produced temperature offset ( Fig. 4A) as an error margin for our paleotemperature reconstructions (Figs 5-6). The samples from Gullmar Fjord (G113-091) and the OS14 station, collected just outside the fjord, occupy a space in between the Shackleton equation and those by Hays and Grossman (1991) and McCorkle et al. (1997) . This suggests that applying the Shackleton equation for Gullmar Fjord and Skagerrak will result in temperatures higher than observations, which has been also observed for Cibicidoides and Planulina from Florida Straits (Marchitto et al., 2014) . Indeed, when 10 testing the Shackleton equation on our dataset, the temperatures are warmer than the ICES hydrographic observation data by 1.5-2°C. In contrast, the equation by Bemis et al. (1998) applied to the core top d 18 Oc data produces the coldest temperatures, which are 0.9-1.9°C colder than observations. In turn, it appears that by using Hays and Grossman (1991) (1-1.5), recorded by instrumental salinity observations since the 1890 (Fig. 2 ). Foraminifera precipitate their tests during 5 several months (e.g. Filipsson et al., 2004) and thus integrate the inter-monthly salinity signal, which together with annual variability is minimal according to the instrumental data. For the upper part of the record 1-cm sediment slice integrates one or possibly two growing seasons of C. laevigata and, hence, records a potentially higher variability of both salinity and temperature. In the deepest part of the record, however, a single 1-cm sample may correspond to ~7-10 years and, thus, more likely averages inter-annual salinity and temperature variability providing "a more smoothed" signal. 10
Hydrographical and meteorological instrumental data
Stable carbon isotopes (d 13 C) data from the composite G113-2Aa -9004 record (Filipsson and Nordberg, 2010) were plotted against the oxygen isotope data presented herein, to investigate the potential relationship between the two e.g. due to different water masses (Suppl. Fig. 1 ). No such relationship was found (Suppl. Fig. 1 ), which indicates that our d 18 O record mainly reflects fjord deep-water temperatures.
Reconstructed bottom water temperatures (BWT) 15
The resulting calculated bottom water temperature record is plotted both as absolute temperature values ( Fig. 5B ) and as anomaly from the mean value (5.4°C), based on the instrumental temperatures observed between 1961 and 1999 ( Fig. 6 ).
With very few outliers, the reconstructed temperature range (2.7 -7.8°C) is within the present-day annual variability, documented from instrumental temperature measurements in the fjord deepest basin since 1890 ( Fig. 2A-C; Fig. 5C ). To further prove that our record represents a winter signal rather than summer conditions (as most of biological proxies) we 20 compare the obtained BWT record to instrumental temperatures recorded in the fjord deep water during summer and winter.
When performing such a comparison, instead of the commonly used June -August (JJA) temperatures for designation of meteorological summer, one has to consider the observations during May-August)), when the foraminifera precipitate their calcite (Gustafsson and Nordberg, 2001; Filipsson et al., 2004) , which is used herein for stable isotope analysis and BWT reconstruction. Likewise instead of months used for definition of meteorological winter (December-February: DJF), when 25 comparing reconstructed BWT to instrumental observations we use January-March, which define hydrographic winter in the fjord and are associated with months when deep-water exchanges occur (see Study area). laevigata in the Gullmar Fjord coincides with higher bottom water temperatures and frequently occurring severe hypoxia (see introduction and discussion), as registered by the instrumental measurements in the deepest basin ( Fig. 2C ).
Discussion
The Gullmar Fjord winter bottom water temperature record shows both centennial and multidecadal variability and has a 25 striking resemblance with climate periods (see below) historically known in the northern Europe over the last 2500 years (e.g. Lamb 1995; Stuiver et al., 1995; Moberg et al., 2005; Filipsson and Nordberg, 2010; Helama et al., 2017) . The record demonstrates periods of temperature variability, which correspond to the Roman Warm Period (~350 BCE -450 CE), the Dark Ages cold period (~450 -850 CE), the warm Viking Age/Medieval Climate Anomaly (~850 -1350 CE), the colder Formaterat: Radavstånd: 1,5 rader Formaterat: Radavstånd: 1,5 rader
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Little Ice Age (~1350 -1850 CE) as well as the warmer conditions during the 20 th century (~1850 CE -present). There is an overall cooling trend in the Gullmar Fjord temperature record for the last 2500 years, which is consistent with other climate proxy records for this period (e.g. Lebreiro et al., 2006; Eiriksson et al., 2006; Hald et al., 2011 , McGregor et al., 2015 .
Among forcing mechanisms for the late Holocene climate variability in the North Atlantic region changes in temperature and influx of the Atlantic Water to the region (e.g. Nordberg, 1991; Hass, 1996; Klitgaard-Kristensen et al., 2004; Eiriksson et 5 al., 2006; Lund et al., 2006) , radiative forcing (Jiang et al., 2005; Hald et al., 2007) , volcanic activity (Otterå et al., 2010; McGregor et al., 2015) , land-use changes and increased greenhouse gas emissions (e.g. Abram et al., 2016) are suggested.
In addition, there is a strong coupling between atmospheric -and ocean circulation linked to the NAO variability. The NAO influences strength and frequency of moist westerly winds, bringing precipitation to the Northern Europe and has even been suggested to induce multidecadal-scale changes in the AMOC (Dickson et al., 1996) , which on centennial scales is linked to 10 the late Holocene major climate extremes (Bianchi and McCave, 1999) . Below we discuss each of the climate extremes in detail and compare our record to available temperature proxy data from other settings, highly influenced by the multidecadal NAO variability and climate changes associated with it.
The Roman Warm Period (prior to ~ 450 CE)
The fjord record shows consistently positive bottom water temperature anomalies during the Roman Warm Period (RWP) 15 when compared to 5.4°C, the annual mean for 1961-1999 (Fig. 6) . The RWP is often associated with increasingly warm and dry summers both on the British Isles and in the central Europe and is linked to the expansion of the Roman Empire (Lamb, 1995; Wang et al., 2012) . The RWP warming coincided with a more vigorous flow of the Iceland Scotland Overflow Water, which is an important component of the AMOC modulating the European climate (Bianchi and McCave, 1999) . Other studies report an increased contribution of the Atlantic water to the East Greenland shelf, a reduced sea ice concentration and 20 an increased export of fresh water from the Arctic with the East Greenland Current (Fig. 1A) , which all are thought to be linked to a shift from the negative to a positive NAO after ~500 BCE/0 CE and changes in the AMO regime (e.g. Perner et al., 2015 and references therein; Kolling et al., 2017) . Harland et al (2013) analysed dinoflagellate cysts from the same composite core as presented herein and, based on observed changes in species composition, suggested that sea surface temperatures (SSTs) in the fjord were >10°C during the RWP, as compared to the present-day SSTs of ~9°C (SMHI, 2017) . 25
Other studies suggest SSTs of 6-10°C for the waters off N Iceland (Sicre et al., 2011), 10.7-12.6°C for the Vøring Plateau, Norwegian Sea (Risebrobakken et al., 2011) , >13°C for off the NW Scotland (Wang et al., 2012) and >15°C for the Rockall Trough, NE Atlantic (Richter et al., 2009 ) during this period. Also for the coastal NW Atlantic (Chesapeake Bay) the SSTs as high as 12-15°C were reported (Cronin et al., 2003) . dataset, which demonstrates a temperature increase of ~2.5°C, resulting in a 5.4-7.9°C temperature range during the RWP for the Gullmar Fjord deep water (Fig. 5) . The somewhat higher upper range limit of the RWP bottom water temperatures in 5 the Skagerrak and Malangen Fjord, compared to our data, may be explained by a more direct influence of the more temperate Atlantic water at those sites, which is less obvious for our study area as it is more land-locked and with a stronger continental influence.
When comparing our data to the major temperature synthesis efforts done for the last two millennia, it becomes evident that our RWP reconstruction seem to disagree with the northern hemisphere temperature record of Moberg et al (2005) , 10 which is mostly characterized by the negative RWP temperature anomalies (Fig. 6 ). On the other hand, the warming seen in the Gullmar Fjord dataset is consistent with the PAGES2k temperature synthesis for the continental Europe (Fig. 6) , which also reports a distinct warming corresponding to ~2-3°C temperature increase during the RWP (PAGES2k, 2013).
The Dark Ages Cold Period (~ 450 -850 CE)
Our record displays variable bottom water temperatures in the fjord during the Dark Ages ( There is also some fluctuation between cooling and warming with a ~3-4°C amplitude in a Mg/Ca -based SST record from the Chesapeake Bay (Cronin et al., 2003) , as well as in the DACP temperatures reconstructed for the continental Europe 30 (PAGES2k, 2013) . reduced strength of the AMOC (e.g. Bianchi & McCave, 1999; Klitgaard Kristensen et al., 2004; Lund et al., 2006) . There is also a growing evidence for a stronger Siberian High prevailing from 1450 CE to 1900 CE based on increased Na 2+ content in the GISP2 record from Greenland (Mayewski et al., 1997; Meeker and Mayewski, 2002) . The onset of the LIA (~1350 5 CE) on the Swedish west coast also coincided in time with an outbreak of Black Death, which decreased the population by 50-60% and resulted in large-scale farm abandonment with negative implications for land use (Harrison, 2000) .
For the Gullmar Fjord a general cooling during the LIA has been previously suggested based on increased abundances of cryophilic dinocysts (Harland et al, 2013) and benthic foraminifer Adercotryma glomerata, which prefers bottom water temperatures < 4°C (Polovodova Asteman et al., 2013) . This agrees rather well with the data presented herein, which show 10 temperatures as low as ~3.4 -4.4°C around 1350 CE, 1500 CE, 1550 CE and 1700-1850 CE with a general temperature range of 2.9-6.6°C for the whole LIA period (Fig. 5 ). Based on foraminiferal faunal and d 13 C data Polovodova Asteman et al.
(2013) divided the LIA into two distinct phases in the Gullmar Fjord: 1) 1350 -1650 CE and 2) 1650 -1850 CE separated by a short-lived warming centred at ~1650 CE. The reconstructed temperatures show as well a short milder episode based on positive anomalies between ~1570 and 1700 CE (Fig. 6: see pink box) . Similar warm, but slightly displaced in time, event is 15 visible in other climate records (Fig. 6 ) from the North Atlantic and northern hemisphere (Cronin et al., 2003; Moberg et al., 2005; Cage and Austin, 2010; Hald et al., 2011) suggesting that this short-lived warming was a larger-scale phenomenon possibly linked to a strengthening of the winter NAO, which might have enhanced the AMOC (Cage and Austin, 2010).
Indeed, several studies report a long-lasting warm conditions in Europe associated with year 1540 (Casty et al., 2005; Pauling et al., 2006; Wetter et al, 2014) , which given our age model uncertainty (±40 yr, see Table 2) for the time interval  20 1538-1664 CE may fall within the warm period identified for the LIA from our BWT record. A warming around 1540 is also seen in winter temperature reconstruction for Stockholm ports and harbours based on historical records (Leijonhufvud et al., 2009) . The model-based reconstruction by Orth et al (2016) suggests that the European temperatures of 1540 exceeded those of the summer 2003, which was likely the warmest for centuries (e.g. Luterbacher et al, 2016) . This is, however, difficult to deduce based on data presented herein, since i) the fjord BWT represent winter temperatures and ii) the record 25 stretches only until ~1996.
The climax or the coldest part of the LIA is often linked to the Maunder minimum in solar activity, which occurred at ~1645-1715 CE (Mauquoy et al., 2002 . Our record shows a distinct cooling at around 1750 CE with temperatures ~1°C below the 1961-1999 mean, which given a calibrated 14 C age range for this particular date (1675-1813 CE ±25 years: see It appears rather intriguing that the coldest bottom water temperatures for the last 2500 years in the Gullmar Fjord are associated with the onset of the LIA (1350 CE, ~2°C colder than the 1961-1999 mean) rather than with its climax (Figs 5-6 ).
This agrees well with the LIA temperature evolution reported for Loch Sunart (Cage and Austin, 2010) and Chesapeake Bay (Cronin et al., 2003) , which both show 2-4°C cooling of the bottom waters at the MCA-LIA transition (Fig. 6 ), attributed to a switch from the positive winter NAO mode dominating during the medieval times (e.g. Trouet et al., 2009; Faust et al., 5 2016) to the negative NAO prevailing during the major part of the Little Ice Age. Such a switch in the NAO has been linked to a relaxation of the persistent La-Niña -like conditions in the equatorial Pacific dominating the MCA (Trouet et al., 2009 ).
The MCA-LIA transition has been dated to 1250 CE (Cunningham et al., 2013 ), 1400 CE (McGregor et al., 2015 and 1450 CE (Cage and Austin, 2010) , in contrast to our study (1350 CE), which may again be a result of 14 C dating uncertainties valid for all of the above-mentioned marine records. At the same time the Chesapeake Bay study places MCA-LIA transition in 10 between 1300 and 1400 CE (Cronin et al., 2003) , which agrees with our data.
Another interesting feature of the LIA climate variability is associated with consistently low fjord BWT as well as reduced air temperatures during 1790 -1820 CE as indicated by Stockholm and Central England instrumental time series ( Fig. 8 ). Despite this time period is known to coincide with the Dalton minimum in solar activity (Grove, 1988) , it is likely that volcanic activity played much more important role in climate cooling (e.g. Wagner and Zorita, 2005, McGregor et al., 15 2015) . The role of AMOC strength in shaping the LIA cold periods is also somewhat controversial based on marine geological evidence: though the AMOC weakening was proposed as a trigger for the LIA cooling (Bianchi and McCave, 1999) , it was argued against (Keigwin and Boyle, 2000) and was not statistically significant in paleoclimate modelling (Van der Schrier and Barkmeijer, 2005). It has even been suggested that Gulf Stream may have experienced warming during this period (e.g. Keigwin and Pickart, 1999) , which certainly does not explain low BWT temperatures in our record, as well as 20 low air temperatures over Stockholm and Central England during 1790 -1820 CE. An explanation for this phenomenon has been proposed by Bjerknes (1965) , who postulated, "a decrease in western European winter surface air temperatures during 1790 -1820 CE to be related almost completely to an anomalous southward advection of cold polar air", a hypothesis later verified by a model study of Van der Schrier and Barkmeijer (2005) .
The Contemporary Warm Period (~ 1850 CE -present) 25
Most of the proxy records in the North Atlantic indicate a clear warming trend for the last 100-200 years (Hald et al., 2011 and references therein) similar to our data picking up the warm 1930s and the 1990s (Fig. 8) . The 500-yr long reconstruction of Stockholm winter temperatures also demonstrates that the 20 th century has experienced four out of five warmest decades over the last 500 years: 1905 -1914 , 1930 -1939 , 1989 -1998 and 1999 -2008 (Leijonhufvud et al., 2009 . Gullmar Fjord temperature record shows that when considering a 3-point running mean temperature variability, the most recent warming 30 Schmittner, A., Latif, M., Schneider, B.: Model projections of the North Atlantic thermohaline circulation for the 21 st century accessed by observations, Geophys. Res. Lett. 32, L23710, doi:10.1029 /2005GL024368, 2005 Shackleton, N. J.: Attainment of isotopic equilibrium between ocean water and the benthonic foraminifera genus Uvigerina:
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